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Nomenclature

side to side dimension of square duct

equivalent diameter - four times the cross-sectional area divided by

the wetted perimeter; De = D for square duct

_rib height

roughness Reynolds number (e/De) Re (f/2) ½

friction factor, see equation (I)

conversion factor, see equation (I)

mass flux 0Vm

heat transfer coefficient

thermal conductivity of fluid

the distance between the centerline and the edge of the duct; L = ½ D

test section length for friction pressure drop

spanwlse-average Nusselt number, see equations (2) and (3)

local Nusselt number, see equations (4) and (5)

Nusselt number of four sided smooth surfaces

pressure drop across the test section

rib pitch

Prandtl number of fluid

heat transfer rate per unit time per unit surface area

Reynolds number GDe/u

Stanton number Nu/(Re Pr)

temperature

bulk mean _emperature of fluid

temperature at the wall

average velocity of fluid

the axial distance from the heated test duct
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z

p

IJ

n

the lateral distance from the centerline of the duct

flow attack angle

average density of fluid

average viscosity of fluid

efficiency index of the rough duct (Str/Sts)/(fr/fs)

fs

s

r

D

Subscripts

four sided smooth surfaces

smooth side wall

ribbed side wall

parameters based on the side-to-side dimension of square duct
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Summary

i

This is the semi-annular report for the program of Heat Transfer and

Pressure Drop in Blade Cooling Channels with Turbulence Promoters. This

project is conducted by the Texas A&M University and is funded by the U.S.

Army Research and Technology Laboratory. The project is monitored by the

NASA-Lewls Research Center under NASA Grant No. NAG 3-311.

In advanced turbine blade cooling design, the 90 ° ribs have been casted

onto the surfaces of the cooling ducts in order to enhance the heat transfer

capability. The objective of the project was to investigate the effect of

rib angle-of-attack on the pressure drop and the average heat transfer

coefficients in a square duct with two opposite ribbed walls for Reynolds

number varied from 104 to 105 . The rib angle-of-attack (e) was varied from

90 ° to 60 ° to 45 ° to 30 °, respectively; whereas the rib pltch-to-helght ratio

(p/e _ i0) and the rib helght-to-equlvalent diameter ratio (e/De _ 0.063) were

• kept at constant in all tests. Two types of entrance conditions were examined,

namely, long duct and sudden contraction, respectively. The local heat transfer

coefficient distributions on the smooth side wall and between the ribs of the

rough side wall at the entrance and the fully developed regions were measured.

The program consisted of the following tasks:

Task I - study the effect of rib angle-of-attack on the friction factor and

the spanwlse-average heat transfer coefficients in the fully developed

region for the case of long duct entrance.

I-A. Construction of the test apparatus - An aluminum square duct

with 3" x 3" cross section.

I-B. Tests on the square duct with four sided smooth walls.

I-C. Tests on the same square duct with two opposite ribbed walls

with _ = 90 ° .

I-D. Tests on the same square duct with _ = 45 °



I-E. Tests on the samesquare duct with _ = 30°

I-F. Tests on the samesquare duct with _ = 60°

Task II - study the effect of rib angle-of-attack on the friction factor and

the local heat transfer coefficient distributions on the smooth

side wall and between the ribs of the rough side wall at the entrance

and the fully developed regions for the case of sudden contraction

entrance.

II-A. Construction of the test apparatus - A stainless steel square

duct with 3" x 3" cross section.

II-B. Tests on the square duct with four sided smooth walls.

II-C. Tests on the same square duct with two opposite ribbed walls

with = _ 90 °

II-D. Tests on the same square duct with a - 45 =

II-E. Test on the same square duct with a = 30 =

II-F. Tests on the same square duct with a - 15=

Task III - Development of the semi-analytlcal correlations for friction factor

and heat transfer coefficients in square ducts with two opposite

rib-roughened walls for the different rib flow-attack-angles.

Identification of the best rib angle-of-attack for the blade internal

cooling design.

This progress report covers the data have been obtalnted for the Tasks I-A

to I-E and II-A to II-C. The results of Tasks I-B and II-B showed that the

friction and heat transfer data for flow in the square duct with four sided

smooth walls agreed well with the results given in the literature. The results

of Tasks I-C and II-C (a - 90 °) showed that the heat transfer coefficients of

the ribbed side wall was about 2-3 times that of the four sided smooth duct and

the heat transfer coefficients of the smooth side wall was also enhanced by

40-60% due to the presence of the ribs on the adjacent walls; whereas the
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friction factor was increased about 4-6 times. The results of Task I-D

(a = 45°) showed that the ribbed side heat transfer coefficients was higher

than that of _ = 90 ° by 5-10%; while the friction factor was lower by 5%.

However, the results of Task I-E (e - 30 °) showed that the ribbed side heat

transfer coefficients was lower than _ - 90 ° by 10-15%; whereas the friction

factor was lower by 30-40%. It suggests that the best thermal performance is

obtained with the 30 ° rib angle-of-attack. It should be noted that the best

performance angle was reported with the 45 ° rib angle-of-attack for flow

between parallel-plates and in tubes (i.e., four sided ribbed duct) by the

previous investigations [6-7].

The local heat transfer coefficient distribution on the smooth side wall

and between the ribs of the rough side wall at the entrance and the fully

developed regions were obtained from the results of Task II-C (_ = 90°). It

showed that the ribbed side wall had a much higher augmentation than the

smooth side wall; whereas the edgeline region had a little bit higher enhance-

ment than the centerline region of the duct. It also indicated that the

lateral heat transfer coefficient had a lower value somewhere between the ribs

and reached the maximum at the rib tip. The heat transfer coefficient varia-

tions between the ribs were more pronounced by increasing the Reynolds number.

After completion of Task III by the end of July, 1983, a final report

will be submitted.
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I. Introduction

One of the well known methods to enhance the heat transfer from a surface

is to roughen the surface by the use of two-dlmensional repeated-ribs on the

surface. However, the increase in heat transfer is accompanied by an increase

in the pressure drop of the fluid flow. Many investigations have been directed

toward developing predictive correlations for a given rib geometry and estab-

lishing a geometry which gives the best heat transfer performance for a given

pumping power.

Fully developed turbulent heat transfer and friction in tubes with re-

peated-rib rougheners have been studied extensively [I-7]. Considerable data

also exists for repeated-rlb-roughness in an annular flow geometry in which

the inner annular surface is rough and the outer surface is smooth to simulate

the geometry of fuel bundles in advanced gas-cooled nuclear reactor [8-12].

Based on those previous studies, the effects of rib helght-to-equlvalent

diameter ratio, e/De, and rib pitch-to-height ratio, P/e, on the heat transfer

coefficients and friction factor over a wide range of Reynolds number are well

established. Recently, Ran et al. [6] used a parallel-plate channel geometry

to study the effect of rib helght-to-equivalent diameter ratio, rib pitch-to-

height ratio, and rib angle-of-attack (See Fig. i). They concluded that a

45 ° angle-of-attack provided superior performance at a given friction power

when compared to ribs at a 90 ° angle-of-attack. The similar results had been

reported by Gee and Webb [7] who conducted forced convection heat transfer in

helically rib-roughened tubes. However, in some applications, such as turbine

blade internal cooling design, the enhanced heat transfer capability is desired

on only two opposite walls of a rectangular duct [13-15]. The heat transfer

and friction characteristics in channels of this kind may be different from

those of circular tubes, parallel-plates, or Annuli. The only available data

was reported by Burggraf [16] who studied the square duct with two opposite



rib-roughened walls with a rib flow-attack-angle of 90 °, rib pitch-to-

height ratio of I0, and rib height-to-equivalent diameter ratio of 0.055.

Air was the working fluid; constant wall temperature was the boundary con-

dition. Three types of entrance conditions were tested over Reynolds numbers

(RED) from 1.3 x 104 to 1.3 x 105, namely, downstream of a fully developed

hydrodynamic flow (long duct entrance), downstream of a rounded entrance from

a plenum (short duct entrance), and downstream of a 180 ° bend, respectively.

For the long duct entrance case, Burggraf found the augmentation of the

Nusselt number on the ribbed side wall was 2.38 times the fully developed

smooth duct flow values when the characteristic dimension was taken as twice

the plate spacing. The augmentation of the friction factor was approximately

8.6 times that of the smooth duct results. There was also enhancement of the

smooth side wall heat transfer by 19% over the all smooth correlations. He

also reported similar trends for the case of a short duct entrance and for

the 180 @ bend tests. In this study the emphasis was placed on the effect of

entrance conditions on the heat transfer coefficients. Only one particular rib

angle-of-attack (i.e., _ = 90 @) was tested. Since then, no study has been

reported to optimize the rib angle-of-attack in the blade cooling channels in

order to obtain the best heat transfer performance for a given flow pressure

drop. No further study to investigate the effect of channel aspect ratio on

the heat transfer and friction can be found in the open literature. Moreover,

the data of the local heat transfer coefficient distributions on the smooth

side wall and between the ribs of the rough side wall are lacking. Therefore,

basic research in this area is warrentable.

The obJectlve_of the project was to investigate the effect of rib angle-

of-attack on the friction factor and the average heat transfer coefficients

in a square duct with two opposite ribbed walls for Reynolds number varied from

104 to 105 . The rib angle-of-attack (=) was varied from 90 ° to 60 ° to 45 ° to
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30°, respectively; whereas the rib pitch-to-height ratio (p/e = i0) and the

rib height-to-equivalent diameter ratio (e/De = 0.063) were kept at constant

in all tests. Two types of entrance conditions were examined, namely, long

duct and suddencontraction, respectively. The local heat transfer coefficient

distributions on the smooth side wall and between the ribs of the rough side

wall at the entrance and the fully developed regions were measured. The

second phase (second year) of the project will investigate the effect of

rectangular duct aspect ratio on the friction factor and the heat transfer

coefficients for the ribs at different angle-of-attack.
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II. The Experimental Apparatus

II-A. Long Duct Entrance

The construction of the apparatus with a long duct entrance was completed

before this project started on August, 1982. The purpose of this apparatus

was to provide the friction factor and the average heat transfer coefficients

data for flow in the fully developed region. Figure 2 shows a schematic of

the test rig.

A blower forced air at room temperature and pressure through a 10.16 cm

(4 in) diameter tube equipped with a 5.08 cm (2 in) diameter ASME square-edged

orifice plate to measure flow rate. A transition section was used between the

tube and the unheated entrance duct. At the end of the heated test duct, the

air was exhausted into the atmosphere. The blower was capable of providing a

range of air velocities so that the Reynolds number (RED) in the test duct

varied between 7,000 and 90,000.

The test duct which consisted of four heated parallel aluminum plates,

0.635 cm (0.25 in) thick, as shown in Figure 3, had cross-sectlonal dimensions

7.6 cm by 7.6 cm (3 in by 3 in) and a heated length of 20 duct diameters. The

duct orientation was such that the two opposite rib-roughened walls of the square

cross section were vertical and the two opposite smooth walls horizontal. These

ribbed walls were made by gluing square brass ribs to the plate surface in a

required distribution. The ribs serve as turbulence promoters to trip the

laminar sublayer of the turbulent flow. For a glue thickness of 0.0127 cm

(0.005 in.) or less, the heat transfer flux to the portion of the plate under

the rib is reduced by less than 3%; thus the thermal resistance of the glue is

negligible. A 0. I_9 cm (0.0625 in) thick asbestos strip was placed along the

contact surface between the smooth and the ribbed walls to reduce the possible

heat conduction effect. Woven heaters embedded in silicone rubber were adhered

uniformly between the alumimum plate and a wood panel to insure good contact.
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Each aluminum plate had one woven heater; each heater could be independently

controlled by a variac transformer and provided a controllable constant heat

flux for the entire test plate. The entire heated test duct, including unheated

end duct, was mounted centrally in a long horizontal enclosure of cross-sectional

dimensions 30.5 cm by 30.5 cm (12 in by 12 in). The enclosure was filled with

flber-glass insulating material. The unheated entrance duct had the same

cross-section and length as those of the test duct although the entrance duct

was made of plexi-glass plates. This entrance duct served to establish hydro-

dynamically fully developed flow at the entrance to the heated duct. Addi-

tionally, the entrance duct was ribbed over its length on two opposite walls

in the same way as the test duct. The test section was instrumented with 36

thermocouples distributed along the length and across the span of the aluminum

plates, as shown in Figure 4. Thermocouples were also used to measure the

bulk mean air temperature entering and leaving the test section. Five pressure

taps along the test duct (three on the smooth side and two on the ribbed side)

were used for the static pressure drop measurements across the test duct.

8



II-B. SuddenContraction Entrance

The construction of the apparatus with a suddencontraction entrance was

completed by November,1982. The purpose of this apparatus was to provide data

of the pressure drop and the local heat transfer coefficients on the smoothside

wall and between the ribs of the rough side wall for flow in the entrance and

in the fully developed regions. Figure 5 showsa schematic of the test rig.

A 5 HPblower forced air through a 10.16 cm (4 in) diameter pipe equipped

with a 3.8 cm (1.5 in) diameter orifice plate to measureflow rate. A plexi-

glass plenumwith a cross section of 38 cmby 38 cm (15 in by 15 in) and a

length of 76 cm (30 in) was connected between the pipe and the test duct to

ensure that the air entering the test duct wasuniform and had a suddencon-

traction condition. The contration ratio was 5:1. A round corner with a

radius of 0.63 cm (0.25 in) was provided between the plenumand the test duct.

The test section was designed to simulate the inlet condition of the cooling

flow in the turbine blade. At the end of the test section, the air was exhaused

into the atmosphere. The Reynolds number in the test duct was varied between

7 x 103 and 1.3 x 105 .

The test duct which consisted of four parallel stainless steel plates

was constructed in the same way as that of the long duct entrance condition.

The detail description of the test duct can be referred to paragraph II-A. The

stainless steel plates were used to replace aluminum because of their low

thermal conductivity, so that the local temperature distributions (therefore

the local heat transfer coefficient distributions) on the smooth side wall and

between the ribs of the rough side wall at the entrance and the fully developed

regions could be measured. The test section was instrumented with 78 thermo-

couples distributed along the length and across the span of the stainless steel

plates, as shown in Figure 6. Thermocouples were also used to measure the

bulk mean air temperature entering and leaving the test duct. Six pressure



taps (two on the plenum and four on the test duct) were used for the static

pressure drop measurements, as shown in Figure 7. The air flow, pressure

drop, electrical heat input, and temperature measurements systems are shown

in Figure 8.
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III. Analysis of Data

III-A. Long Duct Entrance

The pressure drop across the test section was measuredby a micro-

manometerand checkedby an inclined manometer. In fully developed duct

flow, the friction factor can be determined by measuring the pressure drop

across the flow channel and the mass flow rate of the air.

be calculated from:

The friction can

f = _P (i)

4 (L/D e) (G2/20gc)

During the experiments, it was seen that the magnitude of the pressure

drop was about the same when measured from the pressure taps on the smooth

side or on the ribbed side wall. The maximum uncertainty in the friction

factor was estimated to be 6.6% in this investigation.

For the longitudinally constant heat flux boundary condition of the

present investigation, the thermally fully developed region is characterized

by wall and fluid temperatures that increase linearly as a function of

longitudinal position. The longitudinal distribution of the fluid bulk mean

temperature was represented as a straight line connecting the measured values

at inlet and exit. Typically, at downstream distances ranging from I0 to 15

hydraulic diameters from the start of heating, as shown in Figure 9, the wall

temperature data paralleled the aforementioned bulk temperature straight

line. Consequently, only those data corresponding to the thermally fully

developed region were employed for the computation of the heat transfer

coefficients. During the tests, it was found that the ribbed surface heat

transfer capability was higher than that of the smooth surface. Consequently,

the ribbed wall temperature was lower than the smooth one. In order to

reduce the possible heat conduction effect between the smooth wall and the

rough wall, the heat input to the smooth wall was controlled at about 2



to 4 that of the rough wall. Therefore the temperature difference between the

adjacent walls was maintained between0.6°C to 1.8°C (I°F to 3°F) in all tests,

as seen in Figure 9. Additionally, in order to reduce the thermocouple inac-

curacy, which strongly affects the calculated heat transfer coefficient, the

temperature rise of air was maintained between II°C and 17°C (20°F and 30°F),

and the temperature difference between the wall and fluid was maintained

between 22°C and 330C (40°F and 50°F) in all tests.

The fully developed heat transfer coefficients to be reported here will

be termed spanwise-average since they describe the average value of the full

7.6 cm (cross-sectlonal) span of the heated wall. The spanwlse-average, fully

developed Nusselt numbers, can be calculated from:

_ q"
NUS = S D (2)

(Tw-Tb) s K

and

_ q"
Nu r . r D (3)

(Tw-Tb) r K

Be q" and " represent the net heat flux from the smooth side and the ribbeds qr

side walls to the fluid, respectively, whereas (Tw-Tb) s and (Tw- Tb) r are the

thermal driving forces averaged over the span of the smooth wall and the ribbed

wall, respectively. Equation (2) was used for the smooth side wall average

Nusselt number calculation while equation (3) was for the ribbed side wall.

Notice that the ribbed side heat flux, " was based on the total heat transferq r'

area including the rib surface area. The maximum uncertainty in the average

Nusselt number was_estimated to be 6.8% in this investigation.
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III-B. SuddenContraction Entrance

Equation (i) can be used to determine the friction factor for flow in

the fully developed region. In heat transfer measurements,the local wall

temperature distributions were measuredby thermocouples. The heat transfer

rate into the flow channel can be calculated either from Watts meters or from

air flow enthalpy increase (air flow rate x specific heat x temperature in-

crease). The bulk mean air temperature will be increased linearly through the

test duct for the constant heat flux boundary condition of this experiments.

Therefore, the local bulk mean air temperature can be calculated for the given

heat input. Then the local Nusselt number can be determined by:

q"s D
Nus = - (4)

Tws - Tb K

q1!

N = r D (5)

ur T -
wr Tb K

_e q" and " represents the net constant heat fl_ from the smooth side ands qr

and T are the
the ribbed side walls to the fluid, respectively; whereas Tws wr

local wall temperatures on the smooth side and on the ribbed side, respectively.

Equation (4) was used for the smooth side wall local heat transfer coefficient

calculation while equation (5) was for the ribbed side wall.
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IV. Experimental Results

IV-A. Long Duct Entrance

Before initiating experiments with rlb-roughened walls, the friction

factor and heat-transfer coefficient were measuredfor a smoothduct and com-

pared with the results given in the literature, as shownin Figure i0. As

seen by the figure there is good agreementbetween the accepted correlation [17]

and the experimental results for the present smoothduct with 7.6 cmby 7.6 cm

cross-section. The friction factor differs by about 5.5% from the tube flow

results, and the Stanton numberdiffers by about 6.5%. This proved that the

apparatus was ready to reproduce data for flow in the samesquare duct with two

opposite ribbed walls. The ribs had a square cross-section and were glued onto

the surfaces at a certain angle to the direction of mainstream flow. The rib

flow-attack-angle _ wasvaried from 90° to 45 ° to 30 ° , respectively; whereas the

rib pitch-to-height ratio (p/e = I0) and the rib height-to-equlvalent diameter

ratio (e/De - 0.063) were kept at the constant value in all tests. The friction

factor vs Reynolds number for the different flow attack angles is shown in Figure

II. The friction factor of the ribbed duct with _ = 90 ° is about 4-6 times higher

than that of the four sided smooth duct. For the _ = 90 ° and 45 ° , the friction

factor approaches an approximately constant value as the Reynolds number increase;

while the friction factor slightly decreases with Reynolds number when the

s 30 °. It is seen that the friction factor only decreases by 5% when the rib

flow-attack-angle changes from 90 ° to 45 ° , however, it decreases by 30 _ 40%

when the = changes from 90 ° to 30 ° . Figure 12 shows the spanwise-average Nusselt

number of the ribbed side wall vs Reynolds number at different =. The Nusselt

number (therefore the heat transfer coefficient) increases with increasing

Reynolds number. The Nusselt number of the ribbed side wall with _ = 90 ° is

about 2 times higher than that of the four sided smooth duet. The Nusselt

number with _ = 45 ° is about 10% higher than that with _ = 90=; whereas the

14



Nusselt numberwith _ = 30° is about 15% lower. As shown in Figure 13, the

Nusselt number of the smooth side wall is also higher than that of the four

sided smooth duct by 40-80% due to the presence of the ribs on the adjacent

walls. Figure 14 shows the friction factor and Nusselt number vs the rib

angle-of-attack. The data of the 0 ° angle-of-attack was obtained from the

present smooth duct results. It is seen that the amount of the friction factor

decrease is relatively larger than that of the Nusselt number when the rib

angle-of-attack changes from 90 ° to 30 ° . This suggests that the best thermal

performance may be obtainted at the rib flow-attack-angle around 30 °. Figure

15 shows the rough surface efficiency index (_) vs roughness Reynolds number

(e+). It is clearly seen that the best _ is obtained with the 30° flow-attack-

angle. It should be noted that the best performance angle was reported about

45 ° for flow between parallel-plates and in tubes (i.e., four sided ribbed duct)

by the previous investigations [6-7]. Based on these observations, it may be

concluded that the best operating angle is shifted from a 45 ° to a smaller angle

(30 °) when the square duct has only two opposite ribbed walls.

15



IV-B. Sudden Contraction Entrance

Before initiating experiments with ribbed walls, the pressure drop and

heat transfer were calibrated for a four sided smooth duct and compared with

the results given in the literature. Figure 16 shows the friction factor vs

Reynolds number for flow in the fully developed region. The agreement between

the accepted correlation and the present data is reasonably well. The plenum

related pressure drop vs Reynolds number is plotted in Figure 17. The wall

and the air bulk mean temperature distributions along the test section is shown

in Figure 18 and Figure 19 for the Reynolds number ReD = 20,000 and 83,000,

respectively. It is seen that the center llne temperatures on the left hand

side and the bottom walls are very close to each other. Figure 20 shows the

Nusselt number for flow in the entrance length region at two different Reynolds

numbers. Figure 21 shows the Nusselt number vs Reynolds number for flow in the

fully developed region. The agreement between the existing correlation and the

present data is acceptable. Based on these smooth duct results, the apparatus

was ready to reproduce data for flow in the same duct with two opposite ribbed

walls.

Figures 22-23 show the test results of the friction factor and Nusselt

number for flow in the fully developed region with the rib e = 90 ° , p/e = 10,

and e/De = 0.063. The increased friction factor and Nusselt number agree

fairly well with that of Figures 11-13 as mentioned in the paragraph IV-A.

The local Nusselt number augmentation on the smooth side wall and between the

ribs of the rough side wall at the fully developed region is shown in Figure 24.

It is expected that the ribbed side wall has a much higher enhancement than the

smooth side wall. In general, the edge line region has a little bit higher

enhancement than the centerline region of the duct. It also indicates that the

Nusselt number augmentation decreases with increasing the Reynolds number. The

lateral Nusselt number distribution between the ribs at the fully developed

16



region is shown in Figure 25. The Nusselt number has a lower value somewhere

between the ribs and reaches the maximum at the rib tip. The Nusselt number

variations between the ribs are more pronounced by increasing the Reynolds

number.
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Upper photo: Test rig with long duct entrance

Lower photo: Opposite ribs at = - 30 °
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Upper photo: Test rig with sudden contraction entrance

Lower photo: Instrumentations and measurements facilities
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